Abrupt and short-lived "impact winter" conditions have commonly been implicated as the main mechanism leading to the mass extinction at the Cretaceous-Paleogene (K-Pg) boundary (ca. 66 Ma), marking the end of the reign of the non-avian dinosaurs. However, so far only limited evidence has been available for such a climatic perturbation. Here we perform high-resolution TEX 86 organic paleothermometry on three shallow cores from the New Jersey paleoshelf, (northeastern USA) to assess the impact-provoked climatic perturbations immediately following the K-Pg impact and to place these short-term events in the context of long-term climate evolution. We provide evidence of impact-provoked, severe climatic cooling immediately following the K-Pg impact. This so-called "impact winter" occurred superimposed on a long-term cooling trend that followed a warm phase in the latest Cretaceous.
INTRODUCTION
The Cretaceous-Paleogene (K-Pg) boundary mass extinction (ca. 66 Ma) is one of the most devastating events in the history of life, marking the end of the dinosaur era (Bambach, 2006) . Although Deccan Traps volcanism may have contributed to environmental perturbations, the mass extinction at the K-Pg boundary is widely acknowledged to be related to the global environmental consequences of the impact of an asteroid with a diameter of ~10 km at Chicxulub, Mexico (Alvarez et al., 1980) . The impact likely caused rapid and profound global climate change (e.g., Kring, 2007) that was superimposed on long-term environmental trends unrelated to the impact. Unraveling climate changes across the K-Pg boundary interval is nevertheless complicated because many biotic environmental proxy carriers, such as planktic foraminifera and calcareous nannoplankton, experienced major extinctions and are rare to absent in the earliest Paleocene (e.g., Huber et al., 2002 ). In contrast, the sea-surface temperature (SST) proxy TEX 86 , based on fossilized membrane lipids of pelagic archaea (Schouten et al., 2002) , can be used across the K-Pg boundary (Vellekoop et al., 2014) , potentially providing insight into climate changes across this interval.
In a recent study we documented the first indications of rapid short-term cooling following the Chicxulub impact, based on the TEX 86 -based SST record of Brazos River (Texas, USA; Vellekoop et al., 2014) . This record provided the first evidence for cold conditions, from sediments directly overlying the impact and tsunami layers, that are possibly linked to the remnant of the commonly assumed "impact winter" (Alvarez et al., 1980) . This dark and cold phase is proposed to have caused a global collapse of terrestrial and marine food webs, ultimately leading to the K-Pg boundary mass extinction (Alvarez et al., 1980; Schulte et al., 2010; Vellekoop et al., 2014) . Theory suggests that the impact winter was caused by sulfate aerosols, dust, and soot particles ejected into the atmosphere by the impact (Pope et al., 1994) . Examples of sulfate aerosol injections into the stratosphere by volcanic eruptions during past millennia confirm that even relatively small injections of sulfate aerosols (100-500 Mt; Legrand and Delmas, 1987; Witter and Self, 2006; Oman et al., 2006) can lead to short-term cooling at regional to global scales, persisting for up to ten years after some of the largest eruptive episodes (Oppenheimer, 2002; Sigl et al., 2015) . This argues for a very strong cooling effect resulting from the K-Pg boundary impact, considering the much larger volume of sulfate aerosols generated by the impact (10-200 Gt; Pope et al., 1997; Gupta et al., 2001) .
However, so far, unequivocal evidence for the hypothesized impact winter is still lacking, as the cooling signal has only been recorded at Brazos River, where it consists of multiple peaks, spread out over inferred post-impact storm deposits. Moreover, it is unknown how this cooling signal is related to long-term climatic trends unrelated to the impact. Distinguishing shortterm changes directly following the K-Pg boundary impact is complicated by a lack of records of sufficient temporal resolution. Testing the K-Pg boundary impact-winter hypothesis requires the examination of additional stratigraphically complete marine records that are characterized by a good preservation of organic matter and are sufficiently expanded to allow for the detection of relatively fast, transient changes.
The New Jersey paleoshelf K-Pg succession, characterized by clayey glauconitic sands and glauconite clays deposited in a shallow marine setting (Miller et al., 2010; Esmeray-Senlet et al., 2015) , may provide suitable sites. In A. D. 2008 and 2009, three new shallow (<25 m) cores were drilled across the K-Pg boundary in New Jersey (Miller et al., 2010) (Fig. 1 )-providing records that may be used to unravel both impact-related perturbations as well as the long-term climate changes in the latest Cretaceous-earliest Paleogene interval. Here we provide a biostratigraphic framework for these three cores and present a TEX 86 analyses to assess the impact-provoked climatic perturbations immediately following the K-Pg impact and to place these short-term events in a context of a long-term climatic background.
MATERIALS AND METHODS
The three cores are characterized by Maastrichtian, grayish, bioturbated clayey glauconitic sands to glauconite clays of the New Egypt Formation, overlain by heavily bioturbated clayey glauconitic sands of the Danian Hornerstown Formation, deposited at an inner neritic setting (water depth of <35 m; Miller et al., 2010; Esmeray-Senlet et al., 2015) .
Organic-walled dinoflagellate cysts (dinocysts), abundantly present in these deposits (Habib and Saeedi, 2007) , serve as reliable chronobiostratigraphic tools (Williams et al., 2004) , especially at shallow marine sites (Brinkhuis and Schiøler, 1996; Vellekoop et al., 2014) . By combining high-resolution dinocyst and planktic foraminiferal biostratigraphy with the analyses of iridium using high-sensitivity sector fieldinductively coupled plasma-mass spectrometry, we generated a detailed age model for the three investigated cores ( Fig. 2 ; see the GSA Data Repository 1 ). We extracted glycerol dialkyl glycerol tetraethers (GDGTs) from 55 samples using organic solvents, and quantified the various GDGTs using high-performance liquid chromatography-mass spectrometry. We used TEX H 86 (based on the isoprenoid GDGT distribution) to estimate absolute SSTs using the Kim et al. (2010) modern core-top calibration, which has a calibration error of 2.5 °C. Although several factors can potentially cause TEX 86 -inferred SSTs to deviate from actual SSTs, e.g., low oxygen concentrations and the input of soil organic matter or methanogenic and methanotrophic archaeal GDGTs (e.g., Schouten et al., 2013) , these factors likely do not play a major role at the Cretaceous-Paleogene New Jersey shelf. For a more detailed discussion on factors potentially influencing TEX 86 results, see the Data Repository.
1 GSA Data Repository item 2016201, materials and methods, is available online at www.geosociety .org /pubs /ft2016.htm, or on request from editing@ geosociety.org.
RESULTS AND DISCUSSION
Our age model ( Fig. 2; Figs. DR1-DR3 in the Data Repository) shows that our combined record ranges from ~1.1 m.y. before the K-Pg boundary to >100 k.y. after the boundary, based on the biochronology of Gradstein et al. (2012) where the K-Pg boundary is placed at 66.04 Ma. The high-resolution dinocyst biostratigraphy, in particular the presence of the lowermost Danian marker Senoniasphaera cf. inornata, shows that the earliest Paleocene interval, equivalent to the lowermost Paleogene planktic foraminiferal zone P0 (Vellekoop et al., 2014; Açikalin et al., 2015) , is represented in the Meirs Farm core ( Fig. 2 ; see the Data Repository). Therefore, this core can be used to reconstruct transient climate changes in the immediate post-impact interval.
The TEX 86 records show changes in SST that are consistent among cores (Fig. 3) . The lowermost interval, approximately representing the interval ca. 67.1-66.8 Ma, is characterized by a gradual cooling from 25.5-26.0 °C to ~24-25 °C. Subsequently, there was a steady warming of ~2 °C until approximately ~300-400 k.y. before the K-Pg boundary, followed by a stronger warming of ~3 °C, reaching SSTs of up to 29.0 °C. These results are consistent amongst the cores and are comparable to the previously reported d
18 O temperature records from the nearby Ancora and Bass River cores (Ocean Drilling Program [ODP] Leg 174AX) (Olsson et al., 2002; Esmeray-Senlet et al., 2015) (Fig. 3) . Based on correlation with a globally recorded shift in osmium isotope records near the base of subchron C29R (Robinson et al., 2009) , it has been suggested that the warming phase in the latest Maastrichtian is related to a significant outpouring phase of the Deccan Traps large igneous province (Courtillot et al., 1986; Olsson et al., 2002) . Our TEX 86 SST record indicates that this warming phase ended several tens of thousands of years before the K-Pg boundary impact with the onset of a gradual cooling trend that spans the K-Pg boundary. This is in agreement with earlier published paleotemperature records (e.g., Olsson et al., 2002) .
Immediately above the K-Pg boundary, within the initial post-impact phase, the TEX 86 record displays a short-lived distinct cooling event of ~3 °C superimposed on the general cooling trend. The cooling is recognized in two to three earliest Paleocene samples in the Meirs Farm core and in one sample from the boundary clay cast layer at Search Farm (Fig. 3) . Although only recorded in a few samples, it is consistent between cores and is therefore considered a robust signal. Our high-resolution dinocyst biostratigraphy shows that this cooling event occurred within the interval equivalent to the basal part of the lowermost Paleogene planktic foraminiferal zone P0 (Fig.  4 ; see the Data Repository). This interval, <5 cm thick (Fig. 4) , represents the earliest Paleocene, corresponding to the first millennia following the K-Pg boundary impact (see the Data Repository). However, given that there is evident bioturbation within this interval, it is expected that considerable smoothing of the cooling signal has occurred. Therefore, the cooling spike within the TEX 86 SST record possibly represents an even shorter event. Similar to the event indicated in the Brazos River TEX 86 record (Vellekoop et al., 2014) , the cooling event at the New Jersey paleoshelf precisely coincides with the iridium anomaly (Fig. 4) which reflects dust derived from the asteroid (Schulte et al., 2010) . This suggests that the cool phase may have occurred on a similar time scale as the settling of impact dust. Modern-day examples of dust injections into the stratosphere, for example by volcanic eruptions, burning oil wells, and nuclear bomb testing, allow an estimate of the settling time of impact dust. With high-energy events such as nuclear explosions and asteroid impacts, small dust particles are likely to be knocked higher into the stratosphere than for example by volcanic eruptions (Robock et al., 2007) . Hence, whereas dust produced by volcanoes and burning oil wells has residence times of months to years (MacKinnon et al., 1984; Hobbs and Radke, 1992; Oman et al., 2006) , dust particles produced by large impacts likely have residence times of multiple years (Robock et al., 2007) . Therefore, the iridium spike at the New Jersey paleoshelf likely represents a time interval of several decades at most. The cooling signal recorded by the TEX 86 record therefore possibly reflects a very shortlived cooling event, with a duration of several decades to centuries. Accordingly, our TEX 86 record provides evidence for a short-lived impact winter, possibly within the first centuries following the K-Pg boundary bolide impact. In contrast to the record of Brazos River, which shows relatively high temperatures following the impact winter relative to the latest Cretaceous (Vellekoop et al., 2014) , the TEX 86 record from the Meirs Farm and Search Farm cores indicates that slightly cooler conditions persisted after the impact winter, consistent with the Tunisian shelf records (Galeotti et al., 2004; Vellekoop et al., 2015) . The preservation of organic matter is poorer in the bioturbated, green, glauconitic sand of the Hornerstown Formation, resulting in less reliable TEX 86 results for this interval.
SUMMARY AND IMPLICATIONS
Our new TEX 86 record portrays latest Cretaceous warming, possibly related to volcanic outpouring by the Deccan Traps. Gradual cooling occurred during the last tens of thousands of years of the Cretaceous, with a short, transient cooling event immediately following the K-Pg boundary impact. Together, the TEX 86 records from the New Jersey shelf and Brazos River, Texas, provide firm evidence for a shortlived, very severe cooling directly following the K-Pg boundary, likely reflecting a global "impact winter" caused by the Chicxulub impact. This global, rapid, short-term cooling is likely caused by the darkness in the first decades after the impact, resulting from the injection of dust, soot, and sulfur aerosols into the atmosphere, partially blocking incoming solar radiation (Pope et al., 1994) . The dark phase following the impact temporarily inhibited photosynthesis, causing a global collapse of terrestrial and marine food webs, leading to the mass extinction at the K-Pg boundary (Alvarez et al., 1980) . Thus, our TEX 86 SST record shows long-term latest Maastrichtian environmental changes, as well as the K-Pg boundary bolide impact winter, presenting the first record to display both longterm climatic trends across the K-Pg boundary interval and short-term changes related to the K-Pg boundary impact within the same record. Science Foundation (DFG grant SCHOO1216-6 to van de Schootbrugge). This work was partially carried out under the program of the Netherlands Earth System Science Centre (NESSC), financially supported by the Dutch Ministry of Education, Culture and Science (OCW). We would like to thank the three anonymous reviewers for their comments and suggestions.
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